Introduction
============

When John Nash was asked how he, 'a mathematician, a man devoted to reason and logical proof', could believe that extraterrestrials were sending him messages, he answered 'because the ideas I had about supernatural beings came to me the same way that my mathematical ideas did. So I took them seriously' (Nasar, [@B34]). Besides delusions, auditory verbal hallucinations (AVHs) may appear very real to the subject for reasons that remain largely unknown. The strong subjective reality of AVHs may result in inappropriate behaviour which, in extreme cases, can be life-threatening.

The subjective reality of hallucinations (SRH) is most probably related to the perceptual characteristics of AVHs (Hunter, [@B22]). However, we refer to the SRH, assessed as an experience of 'voices' on a continuum from imaginary or unreal to real, as a broader concept that includes the salience of AVH (Kapur, [@B26]) as well as compromised self monitoring (Frith, [@B18]), meaning impaired ability to recognize one\'s own mental functioning. Frith and Done ([@B17]) suggested that compromised self-monitoring is associated with the experience that AVHs are beyond one\'s control, a phenomenon likely intensifying the SRH. Furthermore, the SRH seems to be related to a shift from one\'s own to an alien agency, so that, for example, self-generated verbal material is experienced as originating from a non-self author (Frith, [@B16]).

Early studies on the brain correlates of reality distortion compared baseline brain metabolism in subjects with and without reality distortion symptoms (delusions and hallucinations) (Liddle *et al.*, [@B31]; Kaplan *et al.*, [@B25]). More recent studies have focused on memory errors when the subjects attempt to remember whether words in a sentence were imagined or perceived, or on emotional picture processing in patients with and without delusions and hallucinations (Surguladze *et al.*, [@B46]; Taylor *et al.*, [@B49]; Vinogradov *et al.*, [@B54]). Imaging studies have also compared brain activity during hallucination versus non-hallucination periods, identifying wide-spread brain activation related to AVHs (Tiihonen *et al.*, [@B50]; Silbersweig *et al.*, [@B42]; Dierks *et al.*, [@B12]; Lennox *et al.*, [@B29]; Shergill *et al.*, [@B41]; van de Ven *et al.*, [@B52]; Hoffman *et al.*, [@B20]; Sommer *et al.*, [@B43]). These activations frequently include the inferior frontal gyri (IFG), the anterior cingulate cortex, the parahippocampal gyrus, and the superior and middle temporal gyri; for a review, see Allen *et al.* ([@B3]). Because these studies did not rate the SRH, and because AVHs are coupled with multiple cognitive and emotional functions, it is difficult to determine which of the observed brain activations would be associated with key characteristics of AVHs (Woodruff, [@B55]). No previous studies have directly assessed the connection between the distortion of reality and the brain function during delusions or hallucinations, probably because finding subjects suitable for and cooperative with such a study is difficult. Optimal subjects should experience recurring symptoms that vary sufficiently in subjective reality during brain scanning. Furthermore, the subjects should be able to rate this dimension reliably, even if cognitive processing is frequently compromised in disorders with reality distortion.

In the present study, we were fortunate to work with 11 highly functioning subjects who experienced intermittent AVHs during functional magnetic resonance imaging (fMRI) and were able to rate the subjective reality of their AVHs reliably (on a continuum from imaginary to real voices). Based on these data, we first identified brain correlates of the SRH in AVH-related brain activation ([Fig. 1](#F1){ref-type="fig"}). Because many psychiatric disorders (Andreasen, [@B5]), particularly schizophrenia (Friston, [@B14]), have been related to distorted interaction within large-scale neuronal circuitries, we next quantified coupling between the brain correlates of the SRH and other brain regions with an established method of psychophysiological interaction (Friston *et al.*, [@B15]). Finally, we correlated this coupling with the subjects' SRH ratings (see 'Statistical methods' section for *a priori* regions). Figure 1During fMRI scanning, the subjects signalled the beginning and end of multiple AVHs and rated the SRH and loudness of AVHs by pressing two buttons. (**A**) Schematic example of a part of a session; time runs from left to right. Contrast images for hallucination versus non-hallucination periods (**B**) were correlated with the SRH over subjects (**C**). We then compared the coupling of the so-found neuronal correlates of the SRH between hallucination versus non-hallucination periods (**D**). Finally, we correlated the hallucination-related coupling with the SRH (**E**).

Materials and methods
=====================

Subjects and pre-examinations
-----------------------------

With the help of a Finnish voice hearers' association and local mental health personnel, we delivered 200 letters to psychiatric outpatients and third-sector association members known to experience AVH. In the letter, we described the study and asked subjects to contact us if they believed they would hear several intermittent voices, 10--60 s in duration, during a 30-min noisy fMRI scanning. Inclusion further required the lack of neurological or severe somatic disorders, and no contra-indications of MR imaging, including severe obesity. Of the 43 subjects who replied, those 31 who were most likely to fulfil our inclusion criteria received a detailed questionnaire about voices and health based on the literature on AVH (Hustig and Hafner, [@B23]; Oulis *et al.*, [@B38]; Nayani and David, [@B35]; David, [@B11]; Stephane *et al.*, [@B45]).

To test the reliability of the answers, this questionnaire included, for the SRH, two visual analogue scales (VAS) identical in content but slightly different in wording: For the first ('Are the voices more imaginary or real?'), the endpoints were labelled 'imaginary' and 'real', and for the second ('How real are the voices?'), the endpoints were 'not real at all' and 'real'.

Of the 30 respondents to the questionnaire, we included 13 on the basis of their cooperation and the above-mentioned inclusion criteria. The most frequent contraindication was having body dimensions (reported by the patients in the questionnaire) above the limits of the scanner. One subject required several repetitions of the instructions during rehearsal of the fMRI part and had difficulty learning the task. We therefore excluded him from the scanning. Another subject could not enter the scanner due to claustrophobia.

For the remaining 11 subjects (six males, five females; mean age 35 years, range 23--52 years, 10 right- and 1 left-handed), an experienced psychiatrist (M.H.) conducted a diagnostic interview (American Psychiatric Association, [@B4]) and Positive and Negative Symptom Scale (PANSS) assessment (Kay *et al.*, [@B27]). An experienced clinical psychologist conducted cognitive testing, including the Finnish version of the Wechsler Adult Intelligence Scale, 3^rd^ Edition (Wechsler, 2007).

In addition, subjects filled the Beck Cognitive Insight Scale (Beck *et al.*, [@B7]). This scale has two subscales that address cognitive responses to psychotic symptoms. One subscale measures self-reflectivity and another self-certainty. The self-certainty subscale relies on findings that psychotic patients tend to jump to conclusion without considering alternative explanations: it consists of a 1--4-point scale of agreement with statements such as 'My interpretations of my experiences are definitely right'.

The study received the prior approval of the local ethics committee and each subject who returned the questionnaire about voices and health also provided an informed written consent form.

fMRI
----

Before entering the fMRI scanner, subjects practiced the task on a computer with type token ratio (T.T.R.) until they completely understood and were able to perform it.

We collected functional whole-brain images by measuring the blood oxygenation-dependent (BOLD) signal \[Signa VH/i 3.0T MRI scanner; GE Healthcare, Chalmont St Giles, UK; echo time (TE) 2 ms, repetition time (TR) 2.3 s, flip angle 75°, field of view (FOV) 24 cm, 39 oblique slices aligned with the anterior-posterior commissure line, slice thickness 4 mm and matrix size 64 × 64\]. In addition, T~1~-weighted structural images were collected for each subject.

During fMRI sessions, subjects had cylinder-shaped response keys in both hands. They indicated each beginning and each end of the intermittent AVH with a short button press, using either the left or right thumb. To compensate for the small number of suitable subjects, we collected fMRI data during a large number (altogether 585) of AVHs. The first four whole-head images of each session were automatically discarded to allow stabilization of the T1 effect.

To avoid any confusion between the beginnings and ends of the AVH, we presented visual feedback (in Finnish) on a projector screen using Presentation® software (Version 0.70, <http://www.neuro-bs.com>): 'Voices present---please push any button when the voices stop', or 'Voices absent---please push any button when the voices begin', respectively. Anytime an 18-s period passed without hallucination, a 100-point VAS appeared asking the subject to rate alternately the reality or loudness of the latest AVH with the questions 'How real were the voices?' (endpoints 'imaginary' and 'real') or 'How loud were the voices?' (endpoints 'just audible' and 'loudest possible'). The subjects moved a cursor to the left or right by depressing the left- or right-hand button, respectively; the answer was registered 3 s after the subject stopped moving the cursor. The 18 s delay before evaluation was considered necessary and sufficient for collecting post-hallucination baseline data for comparison with the hallucination-related activation.

If the hallucination-free period continued for 18 s after the first evaluation, the other VAS appeared, followed by the text: 'Voices absent---please push any button when the voices begin'. This text appeared until the end of the session or until the subject signalled the beginning of a new AVH.

The subjects participated in one to six (mean 4) scanning sessions (256--512 images during each 10--20 min period). After each session, the subject rated the mean SRH and other subjective dimensions ([Supplementary Table 2](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)) of the AVH during the past session (post-session ratings). After the entire scanning session, the subjects also evaluated their accuracy in VAS scaling and signalling the beginnings and ends of the AVH; eight subjects reported having correctly signalled all AVHs, and three subjects reported having correctly signalled most AVH. Of the 11 subjects, 10 evaluated their task performance, including ratings, as either good or rather good. One subject experienced only a few non-hallucination periods that were too short for intra-session rating; for this subject, only post-session ratings were included in the analysis.

The site of the auditory cortex was identified in eight subjects by presenting, in a separate 8-min session, speech and brief sounds (0.1 s tones of 250, 500, 1000, 2000 or 4000 Hz, repeated in random order at 5 Hz; eight 30-s blocks of stimulation, each separated by a 30-s rest period). The stimuli were presented at 40 dB above the individual\'s hearing threshold.

Analysis of subjective evaluations
----------------------------------

We correlated the mean post-session ratings of the SRH with the means of other subjective dimensions of AVHs and with Beck cognitive insight scores across subjects. The statistical significance of the correlations was addressed with the Pearson\'s test.

Analysis of hallucination-related brain activation
--------------------------------------------------

The functional MR images were preprocessed with established methods in statistical parametric mapping (SPM)-2 software (<http://www.fil.ion.ucl.ac.uk/spm/spm2.html>). For the first analysis, we created individual boxcar regressors for hallucination and non-hallucination periods (without evaluation or any other task), button presses (with duration of 2.3 s) and evaluation periods, convolved with a haemodynamic response function (HRF). High-pass filtering was applied according to the temporal variation of AVH periods (cut-off 128--300 s), and a first-order autoregressive model was included to compensate for any autocorrelation error (Bullmore *et al.*, [@B9]). Movement regressors were included in the model whenever movement exceeded 1 mm in any direction.

First, we contrasted the hallucination periods and the non-hallucination periods. To avoid contamination of the fMRI results with the signalling of the beginnings and endings of the hallucination periods, both hallucination and non-hallucination periods required equal preparation for the button press and button press-related activation was regressed out in the analysis. In addition, evaluation period-related activation was regressed out before the individual contrast images were created for hallucination versus non-hallucination periods. We entered the resulting individual contrast images into the one-sample *t* test to reveal AVH-related activation at the group level. We then correlated the individual contrast images voxel-wise with the average SRH ratings across subjects. Preliminary correlation analysis with intra-individual variance of the SRH resulted in no statistically significant findings, probably due to the low signal-to-noise ratio. Therefore, to minimize the effect of random variation, we conducted correlation analysis over subjects with carefully calculated mean SRH values. These SRH values were achieved by first calculating the mean of all the SRH ratings in a single session, then computing the average of this mean value and the post-session rating (considering all AVHs during the session), and finally calculating the mean of all averages across all the sessions for each subject. Also the post-session ratings were used because only mean 4 of 16 single AVHs were rated per session.

After correlating AVH-related activations voxel-wise with the SRH, we entered---in a series of independent analyses---three potential confounders into the correlation analysis: To rule out the effects of medication-related dopamin-2-receptor blocking on neurovascular coupling, and therefore on the fMRI signal, we added chlorpromazine-equivalent doses of any anti-psychotic medication (Centorrino *et al.*, [@B10]) as a confounding covariate. Because the cognitive style of interpretation could interfere with subjective reporting of the SRH, the self-certainty ratings that correlated with the SRH were added to the analysis as a confounding covariate.

To further test specificity of the correlation between the SRH and the strength of brain activation during AVH, we added the mean loudness estimates, rated and calculated in the same way as the SRH estimates, to the analysis as a confounding factor.

Analysis of hallucination-specific coupling between the IFG and other brain regions
-----------------------------------------------------------------------------------

In another analysis, we compared the coupling of the signal from the IFG with other brain regions, between hallucination and non-hallucination periods. For this analysis, we used the SPM2 psychophysiological interaction tool (Friston *et al.*, [@B15]) that compares the context-specific (here, AVH-specific) contribution of brain regions to each other, referred to as 'coupling'. Following the procedures of previous studies (Macaluso *et al.*, [@B32]; Stephan *et al.*, [@B44]; Pasley *et al.*, [@B39]; Bingel *et al.*, [@B8]), we extracted fMRI signals from the seed regions (one for the left and another for the right IFG) for each session in which AVH were signalled. The seed regions were spheres with an 8-mm radius, including 33 voxels, and with their centres at --52, 20, 8 in the left IFG, and at 52, 12, 12 in the right IFG (*x*, *y*, *z* coordinates in the Talairach system); the coordinates were found by visually estimating the centre of gravity in the area of maximum group-level correlation of AVH-related activation with the SRH.

Because coupling between brain regions occurs at the level of neuronal signalling rather than at the level of haemodynamics (Gitelman *et al.*, [@B19]), we deconvolved the fMRI time courses to estimate the neuronal signal without the haemodynamic lag. We then created a regressor for hallucination versus non-hallucination periods, and multiplied it by the deconvolved time course from the IFG. We ran a new general linear model (GLM) analysis using this regressor, mean-normalized and reconvolved with the HRF. We added the box-car regressor for hallucination versus non-hallucination periods, convolved with the HRF, to the model to remove the AVH-related activation. Therefore, the results reflect coupling during the activation rather than the AVH-related activation. Button-press regressors and movement regressors were applied as in the activation analysis, and the original fMRI-time course from the IFG was added to remove the coupling beyond the contrast of interest. Therefore, the model specifically tested for the contrast of coupling of the IFG with other brain regions during AVH versus non-AVH periods. One-sample *t* test was used to test resulting contrast images, at the group level, for hallucination-related changes in the connectivity of the IFG with other parts of the brain. Finally, we correlated these contrast images voxel-wise with the SRH across subjects.

We reanalysed the data to exclude contribution of possible global confounds that could arise from respiration or other movements. In the re-analysis, carried out at the individual level in the same way as was the first psychophysiological interaction analysis, we normalized the global mean values by scaling the average voxel value to zero. These normalized contrast images of AVH-specific coupling were then used for second correlation analysis with the SRH.

Statistical methods
-------------------

Statistically significant activation refers to anatomically meaningful activation in the *a priori* regions with *P* \< 0.005 for each of \>20 contiguous voxels (corresponding to *P* \< 0.0007, uncorrected), or for the correlation with coupling, *P* \< 0.005, uncorrected, at the cluster level (based on single voxel values and the extent of activated voxels according to random field theory). We selected this latter liberal threshold to avoid false negative findings in testing the hypothesis about involvement of the large-scale neuronal network. Note, however that most findings are of much higher statistical significance. For the AVH-related brain activations, the *a priori* regions included those repeatedly activated during the AVH in previous studies (Allen *et al.*, [@B3]): the IFG, the anterior cingulate cortex, the parahippocampal gyrus, and the superior and middle temporal gyri. For the correlation between the SRH and coupling, additional *a priori* regions included those brain areas associated with the factors believed to contribute to reality distortion: the posterior parietal cortices related to self-monitoring and the experience of agency (Jeannerod and Pacherie, [@B24]; Frith, [@B16]; Allen *et al.*, [@B2]), the right posterior temporal lobe implicated in agency (Tankersley *et al.*, [@B48]), the anterior and posterior cingulate cortices related to self-monitoring (Northoff and Bermpohl, [@B37]) and agency (Tomlin *et al.*, [@B51]), and the striatum involved in the subjective saliency of percepts and in antipsychotic medication (Kapur, [@B26]; Agid *et al.*, [@B1]).

To define correlation coefficients, we split data into two independent sets (Kriegeskorte *et al.*, [@B28]): we gave a serial number to each of the 10 subjects who participated in two or more fMRI sessions, and to each subject\'s fMRI session. For the first data set, we created contrast images of sessions with an odd number for the subjects with odd number and of sessions with even number for the subjects with even number. For the second data set the odds and evens were reversed. We calculated the individual mean SRH values for both data sets as described above and conducted two independent correlation analyses both with activation and coupling. We defined voxels of maximum correlation (*P* \< 0.05, uncorrected) in the regions of interest from one data set and extracted *r*-values from these voxels from the other data set.

Any difference between correlations of the SRH with the IFG and the temporal lobe activation was tested using a *z* test (Tabachnick and Fidell, [@B47]). Because we compared correlations rather than slopes of regression lines, the results indicate whether inter-individual variation of AVH-related brain activation explains the SRH significantly better in one than in another brain region. The functional images were overlaid on an SPM template and a MATLAB program was used to convert MNI (Montreal Neurologic Institute) coordinates to the Talairach system (MNTI2TAL, author M. Brett, <http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml>).

Results
=======

Subject characteristics
-----------------------

Seven subjects had schizophrenia and the remaining four had a closely related schizoaffective disorder, as defined in the Diagnostic and Statistical Manual of Mental Disorders IV (1994). The subjects matched the normal population in cognitive performance ([Supplementary Table 1](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)), lived in the community and four subjects worked full time. Except for hallucination evaluations, the subjects' PANSS (Kay *et al.*, [@B27]) scores were low (mean total score 56, range 40--85; [Supplementary Table 1](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)). The two VASs of the SRH, presented with different wordings, correlated with each other (*r* = 0.89, *P* \< 0.001) and written descriptions of the hallucinations were coherent. All subjects reported hearing words or sentences that no one else heard. They attributed these experiences to an unknown origin or to their psychiatric disease. None of the subjects reported supernatural beliefs about voices, although many of them had held such beliefs before. Six subjects believed that the AVH had a meaning of their own: to comment, to contact, to accuse, to punish, or to tell them what to do.

Correlations between subjective reality and other subjective dimensions of hallucinations
-----------------------------------------------------------------------------------------

The mean SRH was similar in subjects who did and did not believe AVHs to have a meaning of their own (43 and 48 of 100, respectively). In the post-session ratings ([Supplementary Table 2](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)), the SRH correlated positively across subjects with estimates of speech-likeness (versus thought-likeness; *r* = 0.54, *P* = 0.04; Pearson\'s one-tailed test) and loudness (*r* = 0.52, *P* = 0.05) of the hallucinations, as well as with hallucination-related suffering (*r* = 0.59, *P* = 0.03). The SRH ratings did not correlate with the self-reflectivity subscale of the Beck Cognitive Insight Scale (Beck *et al.*, [@B7]), but they correlated negatively with the subscale on the self-evaluated certainty of the experiences (*r* = --0.74, *P* = 0.02). Means of single AVH ratings correlated strongly with post-session ratings (*r* = 0.90, *P* \< 0.001).

Correlation of AVH-related brain activation with the SRH
--------------------------------------------------------

On average 53 hallucination periods (range 7--153, mean duration 41 s, range 2--393 s) and 85 non-hallucination periods (range 10--162, mean duration 23 s, range 1--365 s) occurred per subject during the fMRI recordings. Individual average SRH ranged from 9 to 86 ([Supplementary Table 1](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)), and AVH-related brain activation resembled activations observed in previous studies, including the right parahippocampal cortex, the bilateral IFG, the right posterior temporal lobe, the left anterior temporal lobe, and the right anterior cingulate cortex ([Supplementary Fig. 1 and Supplementary Table 3](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)).

The strength of AVH-related activation in the IFG, corresponding to the Broca\'s region and its right-hemisphere homologue, correlated with the SRH across subjects (*P* \< 0.001, *r* = 0.63 and *P* \< 0.001, *r* = 0.73 for the whole group, and *P* = 0.001 and *P* = 0.013 for the 7 subjects with schizophrenia, respectively; values for the most significantly correlated voxels reported throughout; [Fig. 2](#F2){ref-type="fig"} and [Supplementary Table 4](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)). This correlation was statistically significant (*P* \< 0.05) both with and without confounding covariates that included dopamine-2-receptor blocking medication, self-certainty ratings, and the subjective loudness of the AVH. The strength of the AVH-related IFG activation showed a trend towards explaining better (*z* = 1.2, *P* = 0.12) the individual SRH than did the strength of any AVH-related activation in the temporal lobe, including the auditory cortices. Figure 2Correlation between AVH-related brain activation and the SRH. Brodman areas 44 and 45 (the Broca\'s region and its right homologue) are marked according to cytoarchitectonical maps by Eickhoff et al. ([@B13]). Right: the colour scale for statistical significance.

Correlation of the hallucination-specific coupling of the IFG with the SRH
--------------------------------------------------------------------------

At the group level, no statistically significant differences were found in the coupling of the IFG with other brain regions during AVH-periods versus non-AVH periods ('AVH-related coupling', *P* \> 0.005 in the regions of interest, uncorrected, or *P* \> 0.05 in other brain regions, corrected for multiple comparisons).

The SRH variability explained the inter-individual variation of the AVH-related coupling: The SRH scores correlated positively with the AVH-related coupling between the left IFG and the following brain regions: the bilateral supratemporal auditory cortex (*P* = 0.004, *r* = 0.40 for the left and *P* = 0.024, *r* = 0.34 for the right hemisphere), the right posterior temporal lobe (*P* = 0.008, *r* = 0.24), the middle right anterior cingulate cortex (*P* = 0.001, *r* = 0.18), the right ventral striatum and the left nucleus accumbens (*P* = 0.004, *r* = 0.15 and *P* = 0.001, *r* = 0.21, respectively; [Fig. 3](#F3){ref-type="fig"}, [Supplementary Table 5](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)). The correlation of the SRH with the coupling between the left IFG and the left auditory cortex was strongest in the Heschl\'s gyrus, within 1 cm of the maximum activation elicited by brief tones in the same subjects (*x*, *y*, *z* = --51, --15, 8 versus --55, --12, 1, respectively). The SRH values correlated positively also with the coupling of the right IFG with the right posterior superior temporal gyrus (*x*, *y*, *z* = 59, --26, 26; *P* \< 0.001). These positive correlations were statistically significant both in the entire subject group and in the subgroup with schizophrenia ([Supplementary Table 5](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)) and they remained significant with the application of global normalization in the reanalysis (*P* \< 0.05). Figure 3Positive correlations between hallucination-related coupling (in parameter estimates) and the SRH. The coupling refers to the difference with the left IFG (*x*, *y*, *z* = --52, 20, 8) during hallucinations versus non-hallucination periods. The stronger the SRH, the stronger the coupling of the IFG with the right ventral striatum (**A**), the middle right anterior cingulate cortex (**B**), the right posterior temporal lobe (**C**), the auditory cortex (**D**), and the left nucleus accumbens (**E**). (**F**) The colour scale for statistical significance.

The SRH values correlated negatively with the AVH-related coupling between the left IFG and the left pregenual and posterior cingulate cortex (*P* \< 0.001, *r* = --0.57 and *P* = 0.003, *r* = --0.65, respectively; [Fig. 4](#F4){ref-type="fig"}, [Supplementary Table 6](http://brain.oxfordjournals.org/cgi/content/full/awp186/DC1)) as well as with the AVH-related coupling between the right IFG and the left pregenual cingulate cortex (*P* = 0.002). These negative correlations remained significant with the application of global normalization in the reanalysis (*P* \< 0.001). Figure 4Negative correlation between the AVH-related coupling (in parameter estimates) of the left IFG and the SRH. The stronger the SRH, the weaker the coupling of the IFG with the posterior and rostral anterior cingulate cortex.

Discussion
==========

These combined fMRI and SRH results provide new insights into the brain mechanisms of reality distortion during AVH related to schizophrenia or schizoaffective disorder. First, among the widespread neuronal network of AVH-related activations, the signals from the bilateral IFG correlated strongly with the SRH, independently of the subjective interpretation style, loudness of AVHs and the dose of antipsychotic medication.

The motor theory of speech perception assumes the comprehension of external speech to rely on subliminal matching to the listener\'s own articulatory gestures (Liberman and Whalen, [@B30]). This matching probably relies on the IFG pre-motor speech-production area that is activated also during speech comprehension; for a review, see Nishitani *et al.* ([@B36]). Although imaging studies of AVHs have focused on auditory cortices (Allen *et al.*, [@B3]), our findings converge with theoretical literature (Atkinson, [@B6]) and with recent imaging findings with a larger subject group (Sommer *et al.*, [@B43]) to suggest that the IFG correlates of the SRH comprise the perceptual key substrate for AVHs.

In addition to speech comprehension, the IFG is involved in the production of overt and inner speech, as well as in the imagination of the speech of others (McGuire *et al.*, [@B33]; Liberman and Whalen, [@B30]; Nishitani *et al.*, [@B36]). Therefore, additional brain circuits are likely to contribute to differentiation between self-produced and externally triggered verbal material (Jeannerod and Pacherie, [@B24]). We expected neuronal substrates for this distinction to include cortical midline regions related to self-monitoring (Northoff and Bermpohl, [@B37]). Accordingly, the SRH correlated negatively with the AVH-related coupling of the IFG with the pregenual and posterior cingulate cortex. The decreased coupling could reflect the poor controllability of AVHs that is likely to be associated with the SRH. This interpretation agrees with the finding that the function of the medial prefrontal cortex near the pregenual cingulate cortex is compromised when subjects with schizophrenia attribute words as self-generated or as generated by the experimenter (Vinogradov *et al.*, [@B54]).

Our analysis of the coupling of the IFG aimed further to test the hypotheses about association of the SRH with the agency-related and the salience-detection-related circuitries that have been suggested to contribute to reality distortion (Kapur, [@B26]; Frith, [@B16]). Supporting the first hypothesis, SRH scores correlated positively with the coupling of the IFG with the middle anterior cingulate cortex and the right posterior temporal lobe. The middle anterior cingulate cortex has been implicated in the experience of agency in healthy subjects (Tomlin *et al.*, [@B51]) and in misattribution of own recorded speech as others' speech in schizophrenic subjects (Allen *et al.*, [@B2]) and the right posterior temporal lobe has been implicated in the experience of agency (Tankersley *et al.*, [@B48]).

During treatment with antipsychotic drugs, the reduction in reality-distortion-related positive symptoms correlates with the strength of the drug\'s dopamine-2-receptor (D2) binding in the striatum (Seeman *et al.*, [@B40]; Agid *et al.*, [@B1]). The striatum is involved in neuronal correlates of salience and aberrant salience of environmental features and internal representations may relate to both delusions and hallucinations (Kapur, [@B26]). Thus, the coupling of striatum with the IFG could reflect subjective salience of AVH and therefore the SRH.

The observed coupling of the IFG with the auditory cortex is in line with earlier findings of changes in the structural connections between the IFG and the temporal lobe in subjects experiencing AVH (Hubl *et al.*, [@B21]). The positive correlation of the SRH with this coupling probably relates to auditory features of AVH, in agreement with the observed correlation of the SRH with the subjective loudness of AVH.

In conclusion, our findings are the first to demonstrate how brain activation and coupling within a large-scale neuronal network during a reality distortion symptom (in this case AVH) relate to the subjective reality of the symptom. Because subjects' symptom scores were low (except AVH), further studies are needed to resolve whether similar brain correlates of the SRH occur during exacerbation periods and acute psychosis. Whether similar circuitries are related to other forms of reality distortion also remains to be studied. It is likely that the IFG and auditory cortex are related to the specific form of hallucination that we studied (AVH), whereas other circuitries, whose coupling with the IFG correlated with the SRH, could be involved more generally in reality distortion.
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AVH

:   auditory verbal hallucination

IFG

:   inferior frontal gyrus

HRF

:   haemodynamic response function

PANSS

:   Positive and Negative Syndromes Scale

SRH

:   subjective reality of hallucinations

VAS

:   visual analogue scale
